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Actinomycetes are highly important bacteria. On one hand, some of them cause severe human and
plant diseases, on the other hand, many species are known for their ability to produce antibiotics.
Here we report the results of a comparative analysis of genome-scale metabolic models of 37 species
of actinomycetes. Based on in silico knockouts we generated topological and genomic maps for each
organism. Combining the collection of genome-wide models, we constructed a global enzyme asso-
ciation network to identify both a conserved ‘‘core network’’ and an ‘‘essential core network’’ of the
entire group. As has been reported for low-degree metabolites in several organisms, low-degree
enzymes (in linear pathways) turn out to be generally more essential than high-degree enzymes
(in metabolic hubs).
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The order Actinomycetales, a clade of Gram-positive bacteria, is
in some respects the most diverse order of bacteria and exhibits
biodiversity along several dimensions, including genome length,
morphology, ecology, pathogenicity, genomic G+C content, and
the number of coding sequences per genome [1–3]. For instance,
genome size varies from a mere 0.9 Mbp in Tropheryma whipplei
to more than 11.9 Mbp in Streptomyces bingchenggensis, which is
one of the largest bacterial genomes ever sequenced [4]. Ecologi-
cally, some species are soil-dwelling bacteria, others are marine
bacteria, and still others colonize thermal springs, grow on gam-
ma-irradiated surfaces or as plant root symbionts [1–3,5,6]. From
a commercial point of view, this group of organisms is also highly
important: it has been reported that more than half of the clinically
available antibiotics are produced by Actinomycetales [1,2].
A number of different studies have examined the genomic com-
monalities among these organisms [3,7–9]. A study to deﬁne a set
of signature genes has identiﬁed a set of 233 conserved proteins
which are speciﬁc for Actinobacteria – the parent phylum of actino-
mycetes – and which are not shared by other organisms [10]. Thesechemical Societies. Published by E
, Cell and Systems Biology,
h Black Building, Room B3.10,
Breitling).signature proteins were employed to elucidate the interrelation-
ships among different subgroups of Actinobacteria. In another
study, Yukawa and colleagues investigated the core gene set of Cor-
ynebacteria glutamicum and reported 39 novel genes by compari-
son with other Corynebacteria [7]. Most such studies have
focused on homology-based proﬁling for individual genes.
Here we present an integrative global comparison of actinomy-
cete metabolism, based on the genome sequences of more than
thirty species of Actinomycetales. Moreover, we present a general
pipeline for comparative metabolic modelling of a large number
of species.
2. Materials and methods
2.1. Genome-scale metabolic model reconstruction
More than ﬁfty genome sequences from the order Actinomyceta-
les have already been sequenced, and genome-scale models have
been built for several species. For several of the species in our
study, manually curated genome-scale models have previously
been published: Corynebacterium glutamicum [11,12], Mycobacte-
rium tuberculosis [13,14], Streptomyces coelicolor [15,16] and Strep-
tomyces clavuligerus [17,18]. Due to the recent development of the
High-Throughput Genome-scale Metabolic Reconstruction
(HTGMR) pipeline of the SEED framework [19], it has now become
possible to reconstruct genome-scale metabolic models and per-lsevier B.V. All rights reserved.
Fig. 1. Model statistics. Correlation of various descriptors of the genome-scale
models with genome size: the total number of reactions, total number of missing
reactions and total metabolite count all correlate signiﬁcantly with the size of the
genome. The correlation coefﬁcient and p-value for each Pearson correlation are
indicated in the ﬁgure.
Table 1
Average number of essential orphan reactions added to different suborders of the
order Actinomycetales.
Suborder #Gaps Average genome size (Mb)
Streptomycineae 48 8.7
Micromonosporineae 48 5.5
Pseudonocardineae 51 8.2
Frankineae 53 6.1
Corynebacterineae 54 4.3
Streptosporangineae 54 3.6
Propionibacterineae 73 3.8
Micrococcineae 88 2.3
2390 M.T. Alam et al. / FEBS Letters 585 (2011) 2389–2394form comparative modeling of an entire group of organisms. Be-
cause genome annotation and model building are done by the
same set of tools for all genomes, annotator bias is minimized,
which is critical for comparative analysis.
We used the HTGMR pipeline to construct a preliminary gen-
ome-scale model for 37 species (for an overview table, see Supple-
mentary Table S4) which had been analyzed earlier in a large
genome-based phylogenetic analysis, including four Corynebacte-
ria, thirteen Mycobacteria, three Streptomyces, three Frankia, two
Nocardiaceae, one Streptosporanginea, two Micromonosporineae,
six Micrococcineae, one Pseudonocardinea and two Propionibacteri-
neae [3], and manually curated these models to validate their over-
all correctness. The models also incorporated a set of required
exchange reactions for each species (Supplementary Table S1).
2.2. Common minimal medium and deﬁning missing reactions
For each individual organism, we collected all minimal media
that had been reported in the literature (Supplementary File 1).
We then performed ﬂux balance analysis [20] and added the min-
imal set of reactions (Supplementary Table S5) required to achieve
in silico growth on the organism-speciﬁc minimal media. In order
to ensure comparability between models, we constructed a com-
mon biomass biosynthesis reaction consisting of the common con-
stituents of organism-speciﬁc biomass reactions inferred from the
SEED. Finally, based on a common biomass biosynthesis reaction
under rich media conditions, a minimal set of reactions was added
to these preliminary models to generate analysis-ready models. For
the comparative analysis, we deﬁned a universal actinomycete
minimal medium (Supplementary Table S2), by creating the union
of all individual minimal media and iteratively removing com-
pounds to obtain the smallest set of medium components that al-
lows in silico growth of all species [20].
2.3. Network construction
To construct a metabolic network for topological analysis, we
translated the stoichiometric matrix into a graph, where each node
represents an enzyme and each edge represents a metabolite. Two
nodes of the network are connected if they share a substrate or
product [21]. ‘‘Currency’’ metabolites – shared by more than 1.5%
of all reactions – were removed, as well as reactions that have
one of these metabolites as their only product or substrate. A com-
mon graph for the entire group of organisms was obtained by com-
bining all individual networks, taking the union of the set of nodes
and the set of edges respectively.3. Results and discussion
3.1. Model statistics
We reconstructed genome-scale models of 37 actinomycetes [3]
and performed comparative analysis of the metabolic systems of
these organisms using a ﬂux balance analysis approach [20]. Con-
ceivably, the large diversity in actinomycete genome sizes leads to
similarly large differences in the size of the genome-scale models,
as the number of enzymatic reactions, metabolites, genes and en-
zymes in the models are all strongly positively correlated with
the genome size.
As all preliminarily generated genome-scale metabolic models
contain gaps [22], we identiﬁed a minimal set of essential orphan
reactions (reactions that have not been linked to an enzyme, repre-
senting gaps that need to be ﬁlled) for all preliminary recon-
structed models according to the need for cellular growth in a
deﬁned common minimal medium (see Section 2). We observedthat the number of such deﬁned missing reactions that need to
be added to complete the models is negatively correlated with gen-
ome size (Fig. 1, Table 1). Plausible explanations are the facts that
larger genomes generally contain more alternative pathways and
duplicate enzymes and those smaller genomes generally encode
more enzymes that perform multiple functions.
In total, a set of 283 orphan essential reactions was deﬁned
among all models. Reactions which are represented by gaps in re-
lated subsets of species are interesting candidates for further
experimental investigation: they may be carried out by alternative
pathways with uncharacterized biochemistry, or the organisms
could have unusual biomass compositions.
3.2. In silico gene and enzyme knockout to predict essential genes and
enzymes
In recent years, several experimental and computational ap-
proaches have been used to study the minimal gene set of an
organism [9,23–27]. The total gene count is strongly positively cor-
related with genome size (r = 0.92, p-value < 2.2e16), but the
number of predicted essential genes is negatively correlated with
genome size (r = 0.78, p-value = 8.65e09) (Fig. 2A).
In order to take into account redundancy due to duplicate genes
or alternative pathways, we also performed enzyme knockouts (in-
stead of gene knockouts) in silico to determine a minimal set of
Fig. 2. Correlation of genome length with total number of genes, total number of essential genes, total number of enzymes and total number of essential enzymes. (A) Positive
correlation of genome length (x-axis) with the total number of genes in the metabolic model, and negative correlation of genome length with the total number of predicted
essential genes. (B) Positive correlation of genome length (x-axis) with the total number of enzymes in the metabolic model, and negative correlation of genome length with
the total number of predicted essential enzymes.
Fig. 3. Pathway distribution of universally conserved enzymes (core enzymes) and universally essential genes (core essential enzymes). The percentages given are based on
KEGG pathway categories, and were calculated by matching EC numbers to KEGG pathways using the KEGG API (http://www.genome.jp/kegg/soap/).
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genes, the number of enzymes is signiﬁcantly positively correlated
to the genome size (r = 0.91, p-value = 2.702e15), while the total
number of essential enzymes negatively correlates with genome
size (r = 0.64, p-value = 2.046e05). This strong correlation is
surprising, as one might have predicted that the essential enzy-
matic reactions are the same across the whole range of genome
sizes. The effect of increasing redundancy in the larger genomes
is reﬂected only in a mild decrease of the correlation between gen-
ome size and essential enzyme number, compared to the correla-
tion between genome size and essential gene number, as the
existence of a higher number of duplicate genes for essential en-
zymes in larger genomes boosts the correlation in the latter
(Fig. 2B).
3.3. Pathway distribution of core and predicted essential enzymes
Obviously, it was highly interesting to investigate in which bio-
logical pathways the universally conserved enzymes and predicted
universally essential enzymes function. We therefore used general
KEGG annotations [28] to categorize the enzymes into pathway
classes. The distribution of universally conserved enzymes amongpathways was signiﬁcantly different after addition of the essential-
ity criterion (Fig. 3).
Most notably, core carbohydrate metabolism was quite highly
conserved, encompassing a relatively large proportion of the uni-
versally conserved genes, but a vast majority of these genes ap-
peared not to be universally essential. This suggests that the
number of alternative pathways, which allow diversion of meta-
bolic ﬂuxes in case of loss of enzyme function in the default path-
way, is particularly high in core carbohydrate metabolism. As in
actinomycetes the lion’s share of cellular energy is usually har-
vested through these pathways, but from many different types of
substrates, metabolic functional differentiation may have been
particularly prominent here during evolution.
3.4. Gene essentiality density in genome
It is considered common knowledge in actinomycete biology
that ‘‘unconditionally essential genes’’ involved in central metabo-
lism, and in DNA replication, transcription and translation, almost
exclusively reside in the core of the chromosome [5]. However,
when we mapped the predicted essential genes to their genome
positions and calculated the density of essential genes along the
Fig. 4. Genome essentiality map of actinomycetes. This ﬁgure shows how the density of essential genes is distributed along the genome in different species. All genomes are
scaled to the same total length, and sorted according to the similarity of their proﬁles. Gene positions on circular genomes are assigned in such a way that the gene encoding
the chromosomal replication initiator protein DnaA lies in the center of the chromosome, as is the case for linear chromosomes. Circular genomes are indicated by a C.
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essentiality peaks are away from the center of the genome instead.
In some of the genomes, there are two strong essentiality peaksFig. 5. Global metabolic network of Actinomycetales. A global metabolic network of the en
networks, in which nodes are enzymes and edges represent sharing of a common subst
conserved ‘‘core network’’ is shown which consists of all large nodes. Enzyme essentiali
and red nodes are showing universally essential enzymes, precisely the ‘‘essential core n
shown in colors between green and red. The conservation of edges across species is showhich are located at both extreme ends of the genome (e.g., in Rho-
dococcus sp. RHA1). In other cases, only one strong peak is located
at any one side of the genome (e.g., Streptomyces avermitilis, Tro-tire group of the order Actinomycetales, constructed by combining individual species
rate or product. Enzyme conservation is represented by the size of the node and a
ty is indicated by node color: green color nodes represent universally non-essential
etwork’’. Enzymes that are essential in some species and non-essential in others are
wn in a color gradient: red edges are shared by all organisms.
Table 2
List of universally conserved enzymes that are predicted to be essential only in single species.
Enzyme
EC
Enzyme name Pathway Organism
2.4.2.7 AMP:pyrophosphate phosphoribosyltransferase Purine conversions Clavibacter michiganensis
2.5.1.15 2-Amino-4-hydroxy-6-hydroxymethyl-7,8-
dihydropteridine-
Folate biosynthesis Corynebacterium diphtheriae
2.7.1.23 ATP:NAD+ 20-phosphotransferase NAD and NADP cofactor biosynthesis global Leifsonia xyli subsp. xyli
2.7.4.4 ATP:dTMP phosphotransferase Pyrimidine metabolism Mycobacterium smegmatis
2.7.6.3 ATP:2-amino-4-hydroxy-6-hydroxymethyl-7,8-
dihydropteridine
Folate biosynthesis Corynebacterium diphtheriae
3.6.1.19 XTP pyrophosphohydrolase Folate biosynthesis Mycobacterium smegmatis
5.3.1.9 D-Glucose-6-phosphate ketol-isomerase Formaldehyde assimilation: ribulose monophosphate
pathway
Mycobacterium bovis subsp.
bovis
Fig. 6. Essentiality of low degree nodes. This ﬁgure shows the fraction of essential
nodes for each degree in a metabolic network.
Fig. 7. Distribution of active and inactive reactions depending on model size. The
predicted ﬂux proﬁle on a deﬁned common minimal medium indicates the total
number of active (non-zero ﬂux) reactions and total number of inactive reactions
(zero ﬂux) in each model. It can be seen that the core of active reactions is almost
constant, while additional reactions that distinguish organisms are not active under
the standardized conditions of our analysis.
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the genomes is enriched in essential genes (e.g., Saccharopolyspora
erythraea). One should, however, note that our result is showing
only the location of essentialmetabolic genes, while other core pro-
cesses (structural proteins, signalling cascades) may still be en-
riched more centrally. Moreover, the majority of essential
metabolic enzymes function in amino acid metabolism, nucleotide
metabolism and cofactor metabolism, and duplicates of such en-
zymes often function in secondary metabolism.
3.5. The core metabolic network of Actinomycetales
A combined global metabolic network of all 37 organisms in our
study is shown in Fig. 5. One can clearly see that red nodes are lar-
ger on average (there are no small red nodes), which means that
many universally essential enzymes are universally conserved as
well. Out of a total of 753 enzymes, 189 enzymes (25%) are con-
served in all organisms (‘‘core enzymes’’) and 332 enzymes (44%)
are conserved in more than 30 organisms (for complete list of
enzymatic reactions in the models, see Supplementary Tables S3
and S6, and Supplementary File 2). Of the 189 universally con-
served enzymes, 91 enzymes are predicted to be essential in all
studied species of the group (‘‘essential core enzymes’’), and 114
enzymes are predicted to be essential in more than 30 organisms.
The universally essential enzymes are typically involved in the
metabolism of biomass constituents such as amino acids or nucle-
otides. Interestingly, 23 enzymes are conserved in all organisms,
but predicted to be non-essential in all organisms (large green
nodes in Fig. 5; Supplementary Table S7). Most of these enzymes
are also involved in synthesis of biomass constituents, but alterna-
tive pathways exist apparently. In reality, many of these reactions
are likely to be essential, however, as the genes encoding the sup-
posed alternative routes may not be expressed under typical
growth conditions. They warrant more detailed study in the future
to further explore this.
From the on average 154 essential enzymes per organism, 77%
(118 on average) is universally conserved. The fact that on average
23% of the essential enzymes is not conserved suggests that in
many cases different actinomycetes genomes encode different
alternative pathways for certain biological processes.
Out of 189 universally conserved enzymes, 7 are essential in
different individual organisms. These enzymes are also particularly
interesting for future study, because they imply the loss of speciﬁc
alternative pathways in selected species (Table 2).
3.6. Low-degree enzymes are more essential
Network topology, especially the degree distribution of nodes
(enzymes) provides signiﬁcant information about the presumed
robustness of microorganisms to perturbation [29,30]. When
superimposing our enzyme essentiality data on the degree distri-bution of nodes, we found that low-degree nodes (in particular
nodes of degree 2) are more likely to be predicted as being essen-
tial than high-degree nodes (Fig. 6). This corroborates the earlier
ﬁnding at the metabolite level that ‘‘low degree metabolites’’ ex-
plain essential reactions in reaction networks of Escherichia coli,
Saccharomyces cerevisiae and Staphylococcus aureus [31].
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As described in the previous sections, the 37 genome-scale
models differ widely in terms of the numbers of reactions, metab-
olites, genes, and enzymes. However, the number of reactions that
are active when optimizing for biomass production in a deﬁned
common medium is very similar in all organisms (Fig. 7). Out of
these active reactions, on average 52% are carried out by enzymes
universally conserved in actinomycetes, and on average 82% of all
universally conserved enzymes are active under these conditions.
This indicates that despite a large variation in lifestyle and ecolog-
ical niche, the core metabolic capacities of all actinomycetes are
rather similar. Evolutionarily, this hyper-diverse group seems to
be characterized by a balance between conservation at the core
and innovation at the non-essential fringes of metabolism.
4. Conclusions
We have performed genome-scale comparative modeling of the
cellular metabolism of 37 genome-sequenced organisms of the or-
der Actinomycetales. We ﬁnd that the characteristic quantitative
features of the model topologies are highly related to genome size.
The predicted metabolic ﬂux proﬁles indicate that the core of ac-
tive reactions is highly similar between the models, while most
additional reactions that differ between organisms are not active
under the standardized conditions of our analysis.
Further, using an FBA approach we have predicted the list of
essential genes and essential enzymes by performing single-gene
knockout and single-enzyme knockout in silico experiments and
mapping the distribution of essential genes onto the genome of
each organism.
Additionally, a global metabolic network of the entire order
Actinomycetales was constructed by combining individual species
networks, and, after superimposing global enzyme essentiality
data, we determined the key properties of the conserved ‘‘core net-
work’’ and the ‘‘essential core network’’.
Finally, from genome-scale models we constructed an enzyme
association network of individual species, and superimposed pre-
dicted enzyme essentiality data on the networks to investigate net-
work topological features. Quite strikingly, we found that the low-
degree nodes are more essential than high-degree nodes.
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